The Clostridium stercorarium F-9 pel9A gene encodes a pectate lyase Pel9A consisting of 1,240 amino acids with a molecular weight of 135,171. The mature form of Pel9A is a modular enzyme composed of two family-9 catalytic modules of polysaccharide lyases, CM9-1 and CM9-2, in order from the N terminus. Pel9A showed an overall sequence similarity to the hypothetical pectate lyase PelX of Bacillus halodurans (sequence identity 53%), and CM9-2 showed moderate sequence similarities to some pectate lyases of family 9. Sequence identity between CM9-1 and CM9-2 was 21.3%. The full-length Pel9A lacking the N-terminal signal peptide was expressed, purified, and characterized. The enzyme required Ca 2þ ion for its enzyme activity and showed high activity toward polygalacturonic acid but lower activity toward pectin, indicating that Pel9A is a pectate lyase. Immunological analysis using an antiserum raised against the purified enzyme indicated that Pel9A is constitutively synthesized by C. stercorarium F-9.
Polysaccharide lyases including pectate lyase are now classified in 14 families according to their primary amino acid sequences (http://afmb.cnrs-mrs.fr/CAZY/ index.html).
2) Among them, families 1, 2, 3, 9, and 10 include pectate lyases: family 1, the largest family of pectate lyase, contains enzymes from bacteria, fungi, and plants; family 3 includes bacterial and fungal enzymes; families 2, 9, and 10 include bacterial enzymes. Since pectate lyases are known to play a critical role in soft-rot disease, many pectate lyases and their genes have been studied from plant pathogenic microorganisms such as Erwinia carotovora, Erwinia chrysanthemi, and Erwinia carotovora, 3) e.g., more than 15 pectate lyase genes each have been reported from some strains of E. chrysanthemi and from E. carotovora (http://afmb.cnrs-mrs.fr/CAZY/index.html).
On the other hand, pectate lyases can potentially be used in food production, detergent manufacture, etc.
4)
Although thermophilic pectate lyases appear to have an advantage over mesophilic enzymes for industrial use in some cases, there are only a few reports on thermophilic pectate lyases.
5-7)
Clostridium stercorarium is a spore-forming anaerobic thermophilic bacterium that can ferment various kinds of polysaccharides. Hence this bacterium appears to be a good source of thermophilic polysaccharide depolymerases and their genes, and in fact various genes encoding cellulase, 8, 9) xylanase, [10] [11] [12] -xylosidase, 13, 14) -L-arabinofuranosidase, 15) and -L-rhamnosidase 16) have been cloned and characterized along with their gene products. In this paper, we describe the C. stercorarium pel9A gene encoding a thermophilic pectate lyase consisting of two catalytic modules of family-9 polysaccharide lyase. We also deal with characterization of the full-length Pel9A devoid of the signal peptide produced by a recombinant Escherichia coli.
Materials and Methods
Bacterial strains and plasmids. C. stercorarium F-9 was used to isolate chromosomal DNA. E. coli DH5 was used as a cloning host. Plasmid pBluescript II KS (+) was used for cloning and determination of the DNA sequence of the pel9A gene. Plasmid pQE-60T is a derivative of pQE-60 (Qiagen, Tokyo, Japan), which contains a short stretch of nucleotides encoding a thrombin recognition sequence (LVPRGS) between the His tag-coding region and multiple cloning sites. 17) E. coli DH5 was used as a host for derivatives of pBluescript II KS (+), and E. coli M15 (pREP4) for derivatives of pQE-60T.
Cloning of the pel9A gene from C. stercorarium F-9. C. stercorarium F-9 chromosomal DNA was partially digested with Sau3AI. DNA fragments with a size range of 5-10 kbp were recovered from an agarose gel with the Gel Extraction kit (Qiagen). The DNA fragments were ligated into the BamHI site of pBluescript II KS (+) dephosphorylated in advance by bacterial alkaline phosphatase treatment and introduced into E. coli DH5. After transformants were cultivated overnight on LB agar plates containing ampicillin (50 mg/ml), and a 0.5% polygalacturonic acid solution containing 0.5% agar was poured onto the plates and solidified. The plates were incubated overnight at 60 C, and then pectinolytic activity was detected by pouring 1 M CaCl 2 aqueous solution in the plates. The colonies with halos were selected as pectate lyase-producing clones. A recombinant plasmid pSSL15-1 ( Fig. 1 ) was selected for further investigation, and the cloned gene was named pel9A.
Since pSSL15-1 did not contain a complete open reading frame of the pel9A gene, the N-terminusencoding region of pel9A was cloned by inverse polymerase chain reaction (PCR) as follows: The C. stercorarium F-9 genomic DNA was digested with SalI, made circular by self-ligation, and used for PCR as the template DNA with KOD Dash DNA polymerase (Toyobo, Osaka, Japan) and two primers complementary to the nucleotide sequence of pel9A, pel-Up, 5
0 -GGAA-GTCGACTAGACTGGCCGAAACGGATAGC-3 0 , and pel-Sal, 5
0 -TGGTATTCACATCCTACAGCGG-3 0 , under the conditions recommended by Toyobo; the underlining indicates a SalI site. The amplified DNA fragment was digested with SalI and ligated into the SalI site of pBluescript II KS (+), yielding pSAL-1 (Fig. 1) .
The full-length pel9A gene devoid of the signal peptide-encoding region was constructed as follows: The DNA region encoding the N-terminal moiety of Pel9A was amplified from pSAL-1 as the template with a primer Pel743F, 5 0 -GGCCAAGCTTCATATGGTA-GCTGAAGAAGCAGAGGCAATGC-3 0 , and a primer Pel2750R, 5 0 -GCTTTTCATCCTTGATCATAATCCG-3 0 ; the underlining indicates a HindIII site and an intrinsic FbaI site respectively. The amplified fragment was digested with HindIII and FbaI, and connected to pSSL15-1, which had been digested with the same restriction enzymes in advance, yielding pPEL-9A. This plasmid encoded the full length of Pel9A except for a putative signal sequence.
DNA sequencing. Nucleotide sequencing of pel9A was carried out on a Licor (Lincoln, NB) model 4000L automated DNA sequencer, with appropriate dye primers and series of subclones. The subclones were constructed by removing specific restriction fragments from the insert DNA and religating, or by subcloning specific restriction fragments into pBluescript II KS+. The nucleotide sequence data was analyzed with Genetyx computer software (Software Development, Tokyo). Similarity searches in DDBJ were done with a BLAST program.
Purification of the recombinant Pel9A (rPel9A). A DNA fragment encoding full-length Pel9A devoid of the signal peptide was amplified by PCR from pPEL-9A as the template, and primers pel743Nco, 5
0 -GGCC-CCATGGTAGCTGAAGAAGCAGAGGCAATGC-3 0 and pel4390Bg, 5
0 -GGCCAGATCTTTTTATGCTTT-TTATTTTTGAAATAAG-3 0 , where the NcoI and BglII sequences are underlined. The amplified DNA fragment was digested with NcoI and BglII and cloned between the NcoI and BglII sites of pQE-60T to generate pSSL-1 ( Fig. 1 ). E. coli M15 harboring plasmid pSSL-1 was grown on a rotary shaker overnight at 37 C in 1 liter of LB medium containing ampicillin (50 mg/ml) and kanamycin (50 mg/ml). When the absorbance at 600 nm of the culture reached 0.6, production of the enzyme was induced by the addition of isopropylthiogalactpyranoside to give a final concentration of 1 mM. After an additional incubation of 3 h, cells were harvested, resuspended in 50 ml of 20 mM Tris-HCl buffer (pH 8.0), and disrupted by sonication. Cell debris was removed by centrifugation at 14;000 Â g and the supernatant was filtrated on a membrane filter (pore size, 0.45 mm). These proteins were purified by HiTrap Chelating HP (Amersham, Tokyo) and RESOURCE Q (Amersham) column chromatographies. The six-His tag was removed from the recombinant proteins by thrombin digestion after HiTrap Chelating HP column chromatography. The purity of each fraction was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE).
18) The protein concentration was determined with bovine serum albumin as the standard using the Micro BCA Protein Assay Reagent Kit (Pierce, Rockford, IL).
Enzyme assays. Pectate lyase activity was determined with polygalacturonic acid (Sigma-Aldrich, St. Louis, MO) as the substrate at 60 C, unless otherwise stated. The reaction mixture consisted of 0.1 ml of enzyme solution, 1 ml of 0.4% sodium polygalacturonic acid, 0.5 ml of 200 mM Tris-HCl buffer (pH 8.0), and 0.4 ml of 0.25 mM CaCl 2 in total volume of 2 ml. After incubation at 60 C for 10 min, 2 ml of 50 mM HCl was added to terminate the reaction, and the absorbance of the solution was measured at 235 nm. One unit of enzyme activity was defined as the amount of enzyme that liberates 1 mmol unsaturated oligogalacturonides per min under the above conditions. The molar extinction coefficient value was assumed to be 4,600 M À1 cm À1 for unsaturated digalacturonide. 19) Citrus pectins with different degrees of methyl esterification (35, 65, and 89%, Sigma) and apple pectin (Sigma) were also used for enzyme assays under the conditions described above.
Preparation of antiserum and immunoblotting. Preparation of antiserum and Western blot analysis were carried out as described previously. 20) Antiserum was raised against the purified enzyme in BALB/C mouse. Cellular and extracellular proteins were obtained from the culture of C. stercorarium F-9 anaerobically grown on polygalacturonic acid, pectin, cellobiose, or glucose as a carbon source.
Nucleotide sequence accession number. The nucleotide sequence reported in this paper was registered in the DDBJ, EMBL, and GenBank nucleotide sequence databases under accession no. AB106865.
Results and Discussion
Cloning of the pel9A gene from C. stercorarium F-9 Approximately 1,500 transformants were obtained from the C. stercorarium F-9 gene library, which was constructed by ligating the Sau3AI fragments of the chromosomal DNA and pBluescript II KS (+), and screened for pectate lyase activity on agar plates containing polygalacturonic acid. Two clones were selected as pectate lyase-producing recombinants. Since the restriction maps of the inserted DNA fragments suggested that the same pectate lyase gene was included in these recombinant plasmids, plasmid pSSL15-1 ( Fig. 1) was chosen for further investigation. DNA sequencing of the gene, referred to as pel9A, revealed that the open reading frame (ORF) of pel9A extended beyond the 5 0 end of the genomic DNA insert, i.e., plasmid pSSL15-1 did not contain the N-terminusencoding region of pel9A. To isolate a DNA fragment upstream of pSSL15-1, inverse PCR was carried out as described under ''Materials and Methods''. Inverse PCR gave a 2.3-kb DNA fragment, and the fragment was inserted into in pBluescript II KS (+) and sequenced.
Nucleotide sequence of the pel9A gene and its flanking regions Figure 2 shows the complete nucleotide sequence of the pel9A structural gene along with its flanking regions. The ORF of pel9A consists of 3,720 nucleotides encoding a protein of 1,240 amino acids with a predicted molecular weight of 135,171. The putative initiation codon was preceded by a putative Shine-Dalgarno sequence, AGGAGGT, a ribosome binding sequence.
21)
The possible promoter sequences TTGAAT for the À35 region and TATAAT for the À10 region with 17-bp spacing between them were identified upstream of the coding region. 22) A possible transcription terminator consisting of a 39-bp palindrome, corresponding to an mRNA hairpin structure, was found downstream of the TAA termination codon. In addition to the pel9A gene, two complete ORFs and an incomplete ORF were found downstream of pel9A, but the direction of transcription of these genes was opposite to that of pel9A (data not shown).
Amino acid sequence of Pel9A
The deduced N-terminal sequence of 24 amino acids of Pel9A is similar to the signal peptide sequences found in prokaryotic secretory proteins. 23) A comparison of the amino acid sequence of Pel9A with those registered in the DDBJ, EMBL, and GenBank sequence databases revealed that mature Pel9A consists of two catalytic modules classified in family 9 of polysaccharide lyases: a catalytic module (CM9-1) starts at amino acid position 30 and ends at 550, and another catalytic module (CM9-2) starts at 551 and ends at 1,240. Sequence identity was 21.3% between CM9-1 and CM9-2 (Fig. 3A) . Among family-9 pectate lyases, Pel9A showed overall sequence similarity with hypothetical pectate lyase PelX of Bacillus halodurans (sequence identity 53%, DDBJ accession no. BAB04213), i.e., CM9-1 and CM9-2 had 42% and 62% identities respectively with the corresponding regions of PelX. CM9-2 showed moderate sequence similarity with some family 9 pectate lyases, e.g., 32% sequence identity with Klebsiella oxytoca PelX (AAL51034), and 31% sequence identity with PelXs of E. chrysanthemi strain 3937 (Y16797) and strain EC16 (M62739). Homology between CM9-2 and some family 9 pectate lyases, e.g., Bacillus sp. KSM-P15 PelH (47% sequence identity; AB028878) and E. chrysanthemi pelL1 (32% sequence identity; AF171228), was restricted to smaller regions, i.e., about 280 amino acid residues. This observation suggests that CM9-2 contains a functional module other than a catalytic module. Glycoside hydrolases such as cellulase and xylanase are known generally to consist of a catalytic module and a carbohydrate-binding module (CBM). The latter helps the former to bind to polysaccharides and enhances the catalytic activity of the former not only toward insoluble but also toward soluble substrates. 24) It is possible, therefore, that Pel9A also contain novel CBM(s) in addition to two catalytic modules, although no CBMs classified in known families have been identified.
On the other hand, although CM9-1 showed relatively high sequence identity (42%) with the N-terminal moiety of B. halodurans PelX, the restricted region of CM9-1 (positions 30-220) showed low sequence identity with some family-9 pectate lyases, e.g., 23% sequence identity with K. oxytoca PelX (AF454849) and 22% sequence identity with E. chrysanthemi PelX. 25) We found two direct repeats each of about 110 amino acids in the CM9-1 region (Fig. 3B) . Interestingly, these sequences showed moderate sequence similarity with a region of endo--N-acetylglucosaminidase (NagD) of Steptococcus pneumoniae (Fig. 3C) . 26) Purification and general characterization of rPel9A rPel9A, which was devoid of the N-terminal signal peptide, was purified from cell-free extracts of E. coli harboring pSSL-1by HiTrap chelating and Resource Q column chromatographies with 7-fold purification. The purified protein gave nearly a single band on a gel of SDS-PAGE, and its size was in good agreement with the molecular weight deduced from the DNA sequence (Fig. 4A) . When its enzyme activity was assayed with polygalacturonic acid as the substrate in the presence of 0.05 mM CaCl 2 at 60 C, the specific activity of rPel9A was 58 U/mg.
The effects of pH and temperature on the activity of rPel9A toward polygalacturonic acid were determined. The enzyme was found to be most active around pH 7.0. The optimum temperature for rPel9A activity was 65 C, and about 30% of the maximum activity was found at 50 The possible promoter and Shine-Dalgarno sequences are shown with À35, À10, and SD. Regions corresponding to PCR primers used for amplification of the upstream region and construction of pSAL-1, pPEL-9A, and pSSL-1 are underlined. The Sau3AI site that is the end of pSSL15-1, the FabI site, and the SalI site are boxed. and 70 C. The enzyme was stable upon 10-min incubation at 70 C at neutral pHs in the absence of the substrate, and was stable in a pH range from 3 to 10 in Britton and Robinson's buffer solutions (50 mM phosphoric acid-50 mM boric acid-50 mM acetic acid; the pH was adjusted to 2 to 12 with 1 N NaOH) when incubated at 4 C for 12 h. The requirement for metal ions was examined for the activity of rPel9A by assaying its activity in the presence of chloride salts (each 0.1 mM). As expected, the enzyme was strongly activated with CaCl 2 but negligibly with MgCl 2 , FeCl 2 , KCl, or NaCl (data not shown). As shown in Fig. 5 , optimal activity of rPel9A was observed at 0.05 mM of CaCl 2 , although this enzyme was more or less activated throughout a range of CaCl 2 concentrations from 0.05 to 0.2 mM. The concentration of CaCl 2 for maximal activity (0.05 mM) was identical to that required for Clostridium cellulovorans PelA 27) and lower than that for Pseudomonas cellulosa (2 mM). 28) On the other hand, the addition of 0.2 mM EDTA inhibited activity to less than 5% of maximum. Among pectic substrates, the enzyme showed maximum activity on polygalacturonic acid and lower activity on apple and citrus pectins. Moreover, as the percentage of methylation in pectin became higher, the activity of rPel9A decreased, e.g., its activity toward 89%-methylated pectin was less than 5% of that toward polygalacturonic acid. It cannot be denied that the calcium ion can affect the structure of the substrate, since it has been established that gelation of low methoxyl pectins occurs Identical amino acids between two sequences are shown with asterisks. -, gap left to improve alignment. Numbers refer to amino acid residues at the start of the respective lines; all sequences are numbered from Met-1 of the peptide.
in the presence of divalent cations such as calcium. 29) Pectinolytic systems of phytopathogens in the genera of Erwiniae, 4) Fusarium, 30) etc. have been extensively investigated, since pectinolytic enzymes play an essential role in the infection and the onset of soft rot in plants. Pectinolytic enzymes include polygalacturonase, pectate lyase, pectin lyase, and pectin methyl esterase. Among these, pectate lyases are most universally found in pectinolytic microorganisms, and are classified in families 1, 2, 3, 9, and 10 of polysaccharide lyases according to their primary amino acid sequences. 2) Although Pel9A was identified as a member of family 9 of polysaccharides lyases, it is unusual in that it consisted of two family-9 catalytic modules in a single polypeptide. CM9-2 is surely active on polygalacturonic acid since plasmid pSSL15-1 encoding only the Cterminal moiety (CBM9-2) of Pel9A conferred pectate lyase activity on E. coli. At present, it is not clear whether the N-terminal moiety is active on pectate or not.
Detection of Pel9A in the culture supernatant of C. stercorarium
Western blot analysis using antiserum directed against rPel9A was carried out to detect Pel9A in proteins from the culture supernatant and whole cells of C. stercorarium F-9 grown on polygalacturonic acid, pectin, cellobiose, and glucose. As shown in Fig. 4B , an immunoreactive protein with an apparent molecular weight of 130,000 was detected as a major protein along with some smaller proteins in both fractions of this bacterium grown on polygalacturonic acid and pectin. These smaller proteins were perhaps derived from Pel9A by proteolysis. Production of Pel9A was for some reason quite low in the medium containing polygalacturonic acid. The size of the major immunoreactive protein was in good agreement with that of rPel9A. This observation indicates that Pel9A was produced in C. stercorarium F-9 and was located in the culture supernatant and the cells, i.e., some population of this enzyme might be located on the cell surface, like Xyn10B of the same bacterium. Xyn10B, one of the major cell surface proteins of C. stercorarium, is anchored to the cell surface via surface layer homologous (SLH) modules. 31) Although no SLH module was identified in Pel9A by homology search, Pel9A is large enough to include a functional module having an affinity for cell wall polymers. When C. stercorarium F-9 was cultivated on glucose or cellobiose, a major immunoreactive band was detected in the culture supernatant but not in the cells, suggesting that Pel9A was constitutively synthesized and that the expression of pel9A was not under the control of catabolite repression. This observation is similar to those in C. stercorarium xylanases, i.e., Xyn11A and Xyn10B of this bacterium are not subjected to strict catabolite repression (unpublished observations).
In conclusion, this is the first paper to describe a A, The gel was stained with Coomassie brilliant blue. Lane M, protein molecular mass standard (molecular masses shown at the left); lane 1, purified rPel9A. B, C. stercorarium F-9 was cultivated on polygalacturonic acid (lanes 1 and 2), pectin (lanes 3 and 4) , glucose (lanes 8 and 9), or cellobiose (lanes 10 and 11) as a carbon source, and Pel9A proteins in the culture supernatant and whole cells were detected by Western blot analysis with a polyclonal mouse antiserum raised against purified Pel9A. Lanes 1, 3, 8, and 10, culture supernatants; lanes 2, 4, 9, and 11, whole cell; lanes 5 and 7, the purified rPel9A; lanes M, prestained protein molecular mass standard. A, The influence of Ca 2þ was tested using various concentrations of CaCl 2 in 50 mM Tris-HCl (pH 8.0) and 0.1% polygalacturonic acid. Calcium ion requirement confirmed by the addition of 0.2 mM EDTA or 0.2 mM MgCl 2 . B, The influence of degree of pectin methylation on rPel9A activity was tested by measuring its enzyme activity on polygalacturonic acid (PGA), apple pectin (AP), and citrus pectins (CP) with a degree of methyl esterification from 35% to 89%. thermophilic pectate lyase gene from C. stercorarium, which might have an advantage over mesophilic enzymes in industrial applications. Detailed biochemical characterization of Pel9A should be carried out, e.g., expression and characterization of respective catalytic modules, identification of functional modules other than the catalytic module in this large polypeptide, and elucidation of the significance of the occurrence of two catalytic modules in a polypeptide.
